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ABSTRACT

KEYWORDS: BLDC ; Speed control; Simulation; Hardware.

Brushless DC machines has high power to volume ratio andctarstics
similar to conventional DC machines. They require powettebmic control for operat-
ing the machine. The control of machines is more accuratéayidspeed of response
can be achieved although control structure and algorithens@mplex. The implemen-
tation of digital controller make complex manipulationsméchine equations within
very short time and had better noise rejection filters. Th@nmd@drawback of imple-
menting digital controller is the limited bandwidth. BLDCachines, characterized by
trapezoidal back-emf, which are also called as commutassDC machines, has two
modes of operation. Sensored and sensorless operatidnhaadts own merits and
demerits. In Sensorless mode, there are various ways te gemposition of rotor and

among those, sensing phase back-emf is the widely used dedrokthod.

This project emphasises on development of low-cost cdatrahd power
circuit used for driving BLDC motors which can be implemeahia laboratory for
demonstration. Also, the speed control of BLDC motor in seless mode using mi-

crocontroller.
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CHAPTER 1

Introduction

In the modern society, electricity is the most popular sdeoy energy
source. The application of motors had spread to all fieldsumdaily life and national
economy, as mechanical to electrical energy conversioiteeyv Since its origin, the
development of motors,adaptability to different appiimas had been intensive. The
economic constraints and new standards legislated by gt place higher require-
ments of electrical systems. New generation of equipmenist fmave better perfor-
mance parameters such as high efficiency, high torque tohiveagjo and so on. All
these parameters should be achieved at decreased systerRealstime applications
involve precise control and required output from the rogtmachine, which provide

great challenges to electrical engineers.

1.1 Classification of Motors

Electric motors,which are the most important electricargg conversion

device had been classified vastly based on several criteria.

1. Based on type of Power Source,DC Motors and AC motors.
2. Based on type of motion, Linear and Rotational.
3. Based on type of field excitation, Permanent Magnet anctii@agnet.

4. Based on type of commutator arrangement, Split ring rsigpand Commutator-
less

The figure 1.1 gives us complete classification of mators
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Figure 1.1: Classification of Motors



1.2 Permanent Magnet Machines

Introduction of Permanent magnets resulted in compacareskigh power
to weight ratio. Though conventional DC machines are higfffigient, the drawback is
that they require commutator and brush arrangement wheekwsjected to arcing and
mechanical wear and tear losses. With the rapid developiméme field of power elec-
tronics, high power and high frequency power semicondwssadiches are functionally
equivalent to commutator and brush arrangement. But Powiécies have their own

merits and demerits.

1.2.1 Classification of Permanent Magnet Machines

The main classification of PM machines is based on the placeaid®er-

manent magnets.

1.2.1.1 Permanent Magnet DC machines

In these machines, Permanent magnets are placed in the Sta¢se ma-
chines require commutator and brush arrangement,areda@wiith DC excitation to
the armature. The performance of the machine is comparalileetconventional DC

machine.

1.2.1.2 Permanent Magnet AC machines

These machines have permanent magnets placed in the rééorkdown
as Commutator-less Machines. These machines don’t regoimenutator and brush.
The position of the rotor is sensed using Hall sensors andx&agion is provided with
the help of inverter.Depending upon the wave shape of badkfermanent Magnet

AC machines can be classified into two types.

1. Permanent Magnet Brush-less DC Machines

2. Permanent Magnet Synchronous Machines



As per ANSI/IEEE 100-1984 and NEMA MG7-1987, BLDC machine is
a type of self-synchronous rotary motor controlled by etadt commutation, where
rotor is mounted with permanent magnets along with rotortjpmssensors and com-

mutation circuit can either be independent or integrateétieéamotor.
Depending upon the type of mounting of Permanent magnetseimator, PMBLDC
machines are classified into two types.

1. Interior mounted

2. Surface mounted

1.3 Advantages of BLDC machine over Conventional

DC machine

1. Less Maintenance is required since no commutator andhbrus
2. Low rotor inertia since permanent magnets are used.

3. No limitation over speed range.

1.4 Construction and Operation of BLDC machine

Typical BLDC machine consists of the following parts

1. Stator which hosts of system of conductors.
2. Rotor where Permanent Magnets are mounted.

3. Rotor position sensor using Hall sensors.

1.4.1 Stator

The stator of a BLDC machine consists of windings wound ovecked
steel laminations. The windings are distributed over the@periphery and their ends
are inter-connected to determine the number of poles. Thebeu of windings de-
termine the number of phases of the motor. The figure 1.2 septse the connection

diagram of stator windings.
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L,
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Ry R,
Phase B Phase C

Figure 1.2: Connection diagram of Stator winding

1.4.2 Rotor

The rotor of a BLDC machine consists of permanent magndtsritounted
on the surface or interior. Permanent magnets can be ctabsbidised on the flux den-
sity, relative permeability and other parameters. Feydiee commonly used since they
are available abundantly and less expensive though thegpssess flux density. Rare
earth magnets such as NdFeB, SaCo, AINiCo which have higld#asity but they are

very expensive.

There are different placement of permanent magnets on tbeand accordingly it is

classified as shown in figurel.3, figurel.4 and figurel.5 ctisedy.

PM Magnet

Shaft

Figure 1.3: Surface-Mount Rotor BLDC



PM Magnet

Shaft

Figure 1.4: Inset Mount Rotor BLDC

PM Magnet

a).Buried PM with Tangential Magnet b).Buried PM with Radial Magnet

Figure 1.5: Buried PM Rotor BLDC
1.4.3 Hall sensors

The position of the rotor is determined by Hall sensors whaichnormally
mounted on the stationary part. Hall sensors are placecap2@’and six commutation
sequences are achieved using possible combinations & talé sensors. The hall
sensor requires DC power source of 3 V to 36 V and sinks 15 mAwéat with open-
collector type output. The main drawback of using hall sengoreduced immunity to
electromagnetic interference and noises. The figure 1 \Wstie overall block diagram

of operation of BLDC machine.



DC Power Transistor Three Phase BLD
Source ~ driver ~ Inverter Motor

A

Controller Rotor
Gating Logi¢_ position
Decoder sensor

Figure 1.6: Operation of BLDC machine

1.4.4 Operation of BLDC motor

A BLDC machine with star-connected stator windings and pete rotor
is considered for explanation. In order to obtain the rotatstator coils have to be en-
ergized in a particular sequence and hence three phaseeingsronnected. The gating
pulses to the inverter switches are determined based oro#iigom of the rotor. At any
instant of time, only two phases will be conducting and thghdise will be left open.

The hall sensors are displaced 30°from the zero crossirtgeaeispective back-emf.

With respect to DC bus ground, each leg mid-point voltageta&a two
values. Hence, the total number of switching states ard.e{@hthese, two combina-
tions do not provide motor torque. This switching of the @tad build up rotation is
called commutation. For three phase stator windings, thereix-step commutatiéh

as shown in tablel.1.

Table 1.1: Commutation Sequence based on Hall Sensor sutput

Rotor H,| H | H | S1|S2| S3| S4| S5| S6 | Phase to which full

position voltage is applied
0°-60° o011 10|]0|]0|O0|1]12 CB
6r-1200 | 1 | O |1 10| 0|0|0]12 AB
12¢-1280| 12 | Oy O|212|1(0]0]0O0}|O AC
180-24| 121|100} 2]1|0|0]|0O0 BC
2403001 O |1 ]O0O|O0O]O0O]|2 (1|00 BA
300-360 | O | 2|1 |0|0O0|0O0O|2]12]0O0 CA

The BLDC machine is similar to DC machine with respect to apien

7



except three phases are to be considered. The back-embgedek a function of the
position of the rotor. The torque of the motor is given by theduct of phase current
and back-emf of the corresponding phase and divided by toe speed. The follow-
ing figurel.7 depicts the back-emf and corresponding phaisert in ideal case. The
construction of stator and its winding arrangement willdaroe back-emf and corre-

sponding phase current as shown in figurel.9.

_____ Current - Back EMF
Phase A| [ 7777707 A i
I N N N I N N N N N I N N
P R o b
PhaseB| |
T T
Phase C| | R N o
: :L : : J: o :L 596
Torque
60 © 1200 180 240 300 | 360 © 4200 © 6.(indegrees)

Figure 1.7: Ideal case waveforms Back-EMF and Phase cuoe860°

The dynamic and steady state equations of BLDC machine aneeddrom the equiv-

alent circuit as shown in figure 1.8.

di
a — Ra .a La_a a 11
v la + pm +e (1.1
di
vy = Rpip + Lbﬁ +ep (12)



Figure 1.8: Equivalent circuit of BLDC machine when B and Gigés are conducting
and A phase freewheeling

di
c = Rc e Lc_c c 13
v ie + o +e (1.3)

where,

v, - Instantaneous voltage of A - phase. Similagyandv..

1, - Instantaneous phase current of A-phase. Similgrandi..

R,, Ry, R, - resistances of A,B and C phase. Normally Rz= R, = R...
Lq, Ly, L. - inductances of A,B and C phase. Normally LLz= L, = L..

e, - back-emf developed in A-phase. Similagyande...

Since the machine is star-connected,

io+ iy +ic=0 (1.4)

For the equivalent circuit shown in figurel1.8

the corresponding electrical equations

diq
L—= = —(2E = Va)/3 (1.5)
diy
L =(2E = Va)/3 (1.6)



Back EMF Phase Current

Phase A
7 e
Phase B
: N /e
I \ A s |
5 R N\
Phase C : : i | .
| | : | . (indegrees)
_——— e —lm = | - -
60 0 10 20 0 0 40

Figure 1.9: Back-EMF and Phase current for 360°

L% = (48 — V) /3 (1.7)

Back-emf equations are given as

€a = Ke(‘g)w (18)

ep = K.(0 —271/3)w (1.9)
e. = K.(0 — 4 /3)w (1.10)
where,
K. = back-emf constant

0 = Rotor position

w = angular velocity of the rotor

10



Back-EMF constant is a function of rotor position and représd for 360°for Phase A

K.(0)=(%2)* g for0< 6 < 30°

K.(0) = E for 30%< § < 150°

K.(0) =-(%2) * 6 + 6*E for 150°< § < 210°
K.(6) = -E for 210%< 6 < 330°

K.(0) = (4£) * ¢ -12*E for 330°< ¢ < 360°

Similarly for Phase B and Phase C except phase shifted byah?d®40°

Electromagnetic Torque equation

T, = K,(0)iq + K,(0 — 21/3)iy + K,(0 — 47/3)i. (1.11)

Where,K; = Torque constant

Mechanical Equations:

d
T.=T + Jd—j + Bw (1.12)

where,T; = Load Torque
J = Rotor inertia

B = Damping Co-efficient

Transfer function for Electrical System under steady statelition

Va(s) = (R+ sL)1,(s) (1.13)
I,(s) 1
Vu(s) R+ sL (1.14)
where, ... = £

Transfer function for Mechanical System

11



Kil,(s) = (sJ + B)w(s) (1.15)

(1.16)

where,Tcen = 24

Transfer function for combined system

_ ), (1.17)

w(s) K, § 1
V(s) sJ+B R+sL

(1.18)

which gives electromechanical time constant

— JRq
Tem — (Kt)Q

1.5 Theoretical Understanding of BLDC machine model

Initially BLDC machine with mechanical input is given and deathe machine to op-
erate as generator. The back-emf are measured and fourtdhieoidal back-emf as
shown in figurel.10a. It also requires mechanism to senspasion of rotor. The
hall-sensor can be used to sense the zero crossing of bddbyegiving high pulses.
Three hall sensors are placed 120°apart from each othersddueence of excitation
based on hall sensor outputs should produce constant paWwieh requires displace-
ment of hall sensors by 30°with respect to zero crossing®btick-emf as shown in
figurel.10b. The Phase current will have duration of 120%fhguasi-square shape.
The gate pulses to the machine for the phase A is given in flgi@e.

Observations:

From the figure 1.10a, Suppose a speed input i&td/s is given to the BLDC machine

12



BackEMELY) ‘ —

! ack EMF (V) ]
;
“ ‘Hall sensor ]
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) Phase Current (A) ‘ ‘ ‘ ]
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(b) BLDC machine with hall sensor

a) BLDC run with mechanical input .
(@) P based excitation

s Gate Pulse to top switch of Phase A

I || ||“| “l Il || . Back EMF ()

..............................................
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OWPF

[ Gate Pulse to bottom switch of phase’ A

g

bt o s ol wi ce
Current (A) ™o

(c) Gate Pulses given to Phase A (d) Power developed in the motor

Figure 1.10: Waveforms describing BLDC operation

and back-emf developed is given by
By = Ky *xw,, (1.19)

From the figure 1.10b, Hall sensor position inside the malsrat 30°with respect to
give zero crossing of back-emf and excitation provided twesponding phase where

back-emf is constant so that constant power is developechvigishown in figure 1.10d.

The implementation of chopping in gate pulses provides ngabover the output aver-
age voltage of the inverter. There are two types of choppiicy ss Hard chopping and
Soft Chopping. Hard Chopping means both high side switchdd@w side switches
are triggered with PWM pulses as shown in figurel.11a. Botitchkes are ON or
there will be instants where both switches are OFF. Soft pimgpis the method where
high side switch is kept ON and low side switch is chopped.t Stiopping has the

advantage of less stress experienced by the chopped switzmparison with hard

13



WM Pulses to Phase A AQBE ET:FL (V)lﬂ 0 ﬂ ” ﬂ ﬂ ﬂ n ﬂ?
WSS

R ' PWJI\JA Puu:l“ses to Ph;se B ++ Hall sensor output (V)

Soo-
Sl

2

Tl

s

£

. PWMrPulses to Phage C A |
%9 st Speed (RPM

rrrrrr

(b) PWM mode with duty changed from 0.5

(2) PWM gate pulses to 1 attime instant t= 0.2

Figure 1.11: Waveforms of BLDC operation in PWM mode

chopping. From 1.11b, PWM with duty changed from 0.5 to 1 a0t2=s, where speed

is doubled with time constant.

1.6 Organization of Project Report

Chapter 2 deals with the controller design for the BLDC maehiAlso comparison of
simulation results (both open loop and closed loop) withthieeretical results has been
presented.

Chapter 3 deals with the hardware implementation of thertaveircuit and controller
circuit and their corresponding experimental results.

Chapter 4 presents the summary and scope for future develdpm
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CHAPTER 2

Design of Controller and Simulation Results

2.1 Simulation Results of BLDC machine in Open loop

The specifications and machine parameters used for simmlitigiven in

Appendix A.

In the open loop, the power switches in the inverter are étigd with fixed duty. The
gate pulses to the power switches are derived from six plessdmbinations of three
hall sensor outputs which are displaced by 120°. This mod®pefation is known as
“Sensored Operation” of BLDC machine.

Otherwise, the gate pulses can also be derived from the zessing of Back-emf
signals thereby eliminating the need of hall sensors. Tleithod of operation is called

“Sensorless operation” of BLDC motor.

2.1.1 Sensored Operation in Open loop

The position of the rotor is sensed by placing the hall semstire stationary part or in
the stator itself!. The hall sensor requires DC power source and pull-up mesisthe

output since its open-collector output. A BLDC machine wpdrameters mentioned
in Appendix A is simulated in MATLAB and the correspondingchae quantities are
plotted. The BLDC machine is taken from MATLAB library whiatill have internal

signal conditioning subsystems so that the measured gieardre smooth. Also, the
power electronic devices used are ideal and did not havebenwlrcuits. The practical
implementation of these devices should be taken care of ahtewvdiscussed in the
next chapter. The placement of Hall sensor inside the maghase critical effect on
the performance of the machine. Normally, the hall sens@pasitioned 30°after the

zero-crossing of the back-emf. Depending upon the hak@eautputs, the commu-



tation logic is derived in MATLAB function file which will bericluded in the path of

SIMULINK file where machine is used for simulation.

Back EMF (V) e e Phase Current (A)

Rotor Speed (rad/s)

i magnetic Torque (Nm)

(a) Back EMF and Hall sen- (b) Back EMF and Phase (c) Rotor speed and Torque

sor signal Current Scale: x-axis- 50 ms/div , y-
Scale: x-axis- 10 ms/div, y- Scale: x-axis- 10 ms/div, y-  axis- 20 rad/div
axis- 2V/div axis- 2 V/div

Torque Vs Speed

(d) Speed Vs Torque
Scale: x-axis- 20 rad/div , y-
axis- 200 mV/div

Figure 2.1: Sensored Operation of BLDC in open loop

Observation:

All the above simulations are done with. = 24 V andZ; = 0 Nm and observed that

From 2.1a, Back-EMF and Corresponding Hall sensor outgplatted and 30°displacement
between hall sensor and back-emf.

From 2.1b, Phase Back-EMF and corresponding phase cuneptated. Phase cur-

rent = 0.3 A is drawn under this condition.

From 2.1c, Rotor speed attains the final speed in less th&rsGihce initiall’, is large

due to large/,.

From 2.1d, Initially torque is high due to high starting @nt and then switching ripple

is reflected in the torque ripple.

When the machine is loaded in open-loop condition using@edscontrol, the speed
of the machine dips and the slope of the deceleration depgmals the rate at which

load is applied.
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Back EMF (V) wor e Phase Current (A)

Torque Vs Speed
Speed-118rad /s
Torque - 0.4

(a) Rotor Speed Vs Electro- (b) Back EMF and Phase Current
magnetic Torque Scale: x-axis- 100 ms/div , y-axis-
Scale: x-axis- 100 ms/div, 500 mV/div

y-axis- 500 mV/div

Figure 2.2: Sensored Operation of BLDC in open loop undetddacondition

Observation:
From the Figure2.2a and 2.2b, it is observed the rotor spedddreased to 120 rad/s
and the phase current is increased to 5 A. When the brakegasauore than the elec-

tromagnetic torque, the motor speed will reach zero andaeitelerate in the reverse

direction.

2.1.2 Sensorless Operation in Open loop

In applications where cost-effective BLDC machines haveetaeveloped,
then hall sensors are eliminated. The position of the rotthbe determined indirectly.
In the past, there are lot of techniques proposed for sensitog position. Among
these techniques,back-emf signals are mostly used foinggmtor position from zero-
crossing detection. The major drawback of Sensorless tperg that when motor
operates at low speed and at starting, the back-emf willwweated very difficult to find
zero crossing. So, we have to use start-up algorithm whad®ra gate pulse triggering

up to a particular speed and then zero crossing detectiomoahé employed.

Table 2.1: Comparison of sensored and sensorless operation

S.No Features Sensored control| Sensorless control
1 | Implementation Cost High Low
2 Accuracy of High at all Less at starting
position sensing RPM and low RPM
3 Output Pull-up resistor Requires Phase
is required Delay of 30°
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Back EMF (V) s wscoos Hal | sensor output (V) Back EMF (V) cioe e Phase Current (A)

.wﬁor Speed (rad/s)
I 'WOmagnetic Torque (Nm)

(a) Back EMF and Hall sen- (b) Back EMF and Phase (c) Rotor speed and Torque

sor signal Current Scale: x-axis- 50 ms/div ,
Scale: x-axis- 10 ms/div, y- Scale: x-axis- 10 ms/div,y-  yl-axis- 50 rad/div y2-axis -
axis- 2 V/div axis- 2 V/div 500 mN/div

Virtual Hall sensor output

Torque Vs Speed | | H l l \ l

Actual Hall sensor output

(d) Speed Vs Torque (e) Actual Vs Virtual Hall
Scale: x-axis- 20 rad/div, y-  sensor signals
axis- 200 mN/div Scale: x-axis- 10 ms/div ,

y-axis- 200 mV/div
Figure 2.3: Sensorless Operation of BLDC in open loop

Observation:

From the Figure 2.3a, the zero crossing of back-emf and éafiar signals for phase A
is having 30°displacement.

From the Figure 2.3b, the phase current is of quasi-square sfepe and back-emf for
phase A with respect to phase current is plotted.

From the Figure 2.3c, the mechanical characteristics obnsftows that no-load speed
is 147 rad/sec and torque is 0.1 Nm

From the Figure 2.3d, the initial torque of the motor is 1.8 Bimal then torque ripple at
switching instants.

From the Figure 2.3e, the actual and virtual hall sensorsiargar.

It is observed that sensored mode and sensorless mode &g thie similar output.
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2.2 Design of Controller

There are applications where desired operation is reqainelcthis objec-
tive is achieved through the implementation of suitableti@m@lgorithm. In fan appli-
cations, where constant torque is developed and in turnaonspeed can be achieved
through the speed controller. In applications where loatbisconstant, current loop
is implemented to reduce torque ripple. There are three camhused techniques for

achieving the control in BLDC machine.
1. DC Link Voltage control
2. Pulse Width Modulation control

3. Hysteresis control

2.2.1 DC Link Voltage Control

The BLDC machine supply is fed from the inverter , which inntyoro-
vided by conventional AC supply through phase controllatifier. By controlling the
firing angle, the DC link voltage is controlled and therebwtrolling the machine input
power. This method provides two conversion AC to DC and aB&irto Square pulsed
output. In each stage, the use of power electronic devicesibote to power loss and

thus, limiting the range of operation of the circuit.

2.2.2 Pulse Width Modulation Control

The Pulse Width Modulation technique is a constant frequeveriable
on-time. It is easy to design filter and select the cut-offjfrency as frequency of
operation is constant. Pulse width modulation further camdalized using different
sub-techniques. The carrier signal should be generatechvdeitermines the switching
frequency. The selection of switching frequency is a compse solution depending
upon applications. For high frequency switching, the shrtg loss will be comparable
and reduce the efficiency of the converter. For low frequesvayching, the controller
bandwidth is limited. Electromagnetic Interference andsis will contribute and af-

fect the modulation signal.
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2.2.3 Hysteresis Control

This is the simplest algorithm through which control is @&seid. The
hysteresis band should be selected and band width shoultbisert accordingly. EMI
and Noise issues will not be there but frequency of operasiant constant and difficult

to design the filte?!.
The complete controller block diagram is as shown in figude 2.

refa Speed Current | [PWM Inverter 1 L
refe{+ _ J=Controlle Controllef” IModulatol™] R+sL ™ Js+B o
T

Current N
sensor [

2

Speed
sensor

Figure 2.4: Block Diagram of Complete Controller Design

2.2.4 Machine parameters

Resistance per phase R = 0.15869
Inductance per phase L =0.00016H

Effective Resistanc&,=2* R =0.30738
Effective Inductance., = 2 * L = 0.00032H
Electrical Time Constant,;.. = L,/ R, = 1.04ms
Rotor Inertia J = 5e-4 kgr?

Friction Co-efficient B = 1e-3

Mechanical Time Constant,,..,, = J/B =0.1s
Switching Frequency,= 10 kHz

Back-EMF constant K = 0.04 V/rad/s

Effective Back-EMF constant Kb =2 * K = 0.08 V/rad/sec
Inverter Gaink; = 24

Inverter delayr; = 1/(2*f,) = 0.5e-4

Current Sensor gain K2 =0.1

Current Sensor delayp = 3.183e-5

20



2.2.5 Design of Current Controller

The generic block diagram representing the motor in mattieaianodel using transfer

functions as shown in figure 2.5.

‘/a —>@—>'Gelec Gmech

\j

Eb T Wm
Figure 2.5: Plant structure including electrical and meated
where,
G ... = Electrical system Transfer function
G meen = Mechanical system Transfer function
The derivation of~.,.. is given as follows
Va - Eb = Ia(Ra(l+S7—elec))
1, 1
V. - B Kb? (2.1)
() Ra(14 $Terec) + Bltsroe)
I 1+STmech
a(s) _ Ba = (2.2)
‘/CL(S> SQTmechTelec + S(Telec + 7_mech) + (]- + BRa)
After doing first order approximation
1, 1
(s) _ (2.3)
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The bode plot of the plant transfer function is given by

Bode Diagram
Gm =Inf , P = 108 deg (at 473 Hz)
T T

. Gain - Crossover ™o e
i -~ Frequency-473Hz = ™\ S e
Phase Margin- |
108 degree
! R | BERE
: - e ,_,,._B?DA

Figure 2.6: Bode Diagram for Plant transfer function

Observation:

From the plot 2.6, it is found that the bandwidth of inner las@73 Hz. In order to
improve the bandwidth of the inner loop, Pl controller is edd&o that initial gain im-

proved by appropriately selectirfg, and steady state error is nullified by selectikig

Implementation of Current Controller to achieve constantjie and re-
duced overshoot during sudden loading conditions. Progt - Integral Controller
is chosen with appropriat&, and K; values. The effect of inverter delay and current
sensor delay are also considered. The block diagram repnegé¢he current controller

is represented as shown in figure 2.7.

Ke(1+s7:)Kr
Iact(s) _ Vin Ra (1+5Tciee) (14877 ) sTe (2 4)
Iref(s) 1 + Kc(1+STC)K]K2

Vim Ra(1+57'elec)(1+57—1)(1+57_2)STC
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Current PWM Inverter

Plant
Controller Modulator V.
I
ref Ko(1+s7c) 1 K, | 1 _
STe W 1+s77 Ra(1+STelec) o
Ey
Iactual
Sensor
Ko

14+s7o

Figure 2.7: Implementation of Current Controller

Here,V,, =1

The bandwidth of the Current loop is chosen as 2 kHz. Inveléday is assumed to be

half of the switching frequency and current sensor delaysis megligible.

The loop gain of the current controller is taken and compavitd desired bandwidth

to getK, value.

ASSUME T, = Tojec

1 - K. (14 s1.) KK,
STdesired B RaSTc(l + STI)(l + STelec><1 + 57—2)

(2.5)

From the above equation,
K.=0.1676
7. =1.04ms

which gives, K, = 0.1676 and<; = 167.6

The bode diagram of the compensated loop dain.; / I,.; is as shown in figure 2.8.

Observation:
From the plot 2.8, the bandwidth of compensated loop is 1H&AAs per Thumb rule,
The Gain Margin should be above 6 dB and Phase Margin shoutddee 50°. In our
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bode Liagram
Gm =InfdB fat INfHZ) , Pm =612 deg (at 1.75e+008 Hz)
T T T — T T T

& ' N S B S A

Gain Crossover ™~
frequency-1.76 kHz ™

Magrnitude (dB)
)
15
I

8
\

70 L L R S N T R i | R L S S S i |

1 1 I T R R R
90 T T R S S L L L T T S R B R IR A T T T T

-120

Phase (deg)

g
T

-180
10°

Frequency (Hz)

Figure 2.8: Bode Diagram for Compensated Loop gain funaifanner current loop

condition, Gain Margin is infinite and Phase Margin is 61.3°.

The DC Bus current is also a representation of motor curn@cesat any instant of
time, only two phases are conducting. One top switch and ottern switch will con-
duct. Hence, Current sense resistor will be kept in the mepath of the DC bus in
order to avoid the grounding and noise problems. The Valweiokent sense resistor is
chosen as a matter of compromise. If higher value of curreméesresistor is selected,
high accuracy and can be used over entire voltage rangew Watue of resistance is

selected, low voltage drop and hence low power loss.

The step response plot of thg.,., / I,.; closed loop is as shown in figure 2.9.

Observation:
From the figure 2.9, the settling time of the current is foundbé 1.04 ms, which is

equivalent to electrical time constant.
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Step Response

14 T

— Step response of Closed current loop

Amplitude

. \ \ \ \ \
0 02 0.4 0.6 0.8 1 12
Time (seconds) 3

Figure 2.9: Step response of inner current loop
2.2.6 Design of Speed Controller

The block diagram representing the speed controller asshofigure 2.10.

Speed Current 7, Mechanical
L ystem
Controller 0oop
Wref Ko (14s7w) 1 1
- I oy > 1457 B(14sTm) -
Wm
Wactual Sensor
Delay
K
1+sm1 -

Figure 2.10: Implementation of Speed Controller

The mechanical system of the machine without implementiygcantrol loop has sys-

tem characteristics as shown in figure 2.11.

Observation:
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Hoae Liagram
Gm = Inf. Pm =907 deg (@t25.5Hz)
an T T — T T T T T T — T T T T

~ frequency-25.5Hz

Magnitude (dE)
o
T

Phasze (deg)

Figure 2.11: Bode Diagram for Mechanical system transfection

From the plot 2.11, the bandwidth of the mechanical systdiouisd to be 25 Hz.

The outer speed control loop, which have bandwidth lessar tie inner current loop,
is built using Proportional and Integral controller. Thé&et of sensor delay and inner

current loop are also taken into consideration.

K., (1+s7,)Kb
Wactual . B(14sTmeen ) (14s7p) 7w (2 6)
o 1+ Ko (1+sm,)KbK; :
ref B(14-sTmech ) (1+s7p) (14571 ) 87w

If friction co-efficient is not known, then we can design tloatroller using a technique
known as “Symmetrical Optimization”. Select the speed Ibapdwidth such that cor-
ner frequency is at geometric mean of product.cdndr,

The bandwidth of the speed loop is chosen as 500 Hz. The Caafaehloop gain for
the speed control loop is compared with desired bandwidthva obtaink’, and K

values.

Compensated Loop gain is given by
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K,(1+4 s7,)KiR,

GHs = 2.7
T KoKa(s57om) (1 + 5(20)) (1 + 571) .7)
where,oc =7, + 1
After doing first order approximation
GHs — K,(14 s7,)KiR, 2.8)

KbKo(57em)(1+ s(20 + 1))

where,d =1, + 20

Assumer, =4 * § , SelectK,, such that corner frequency. = ﬁ Hencey, = 5

7., =4* (500 * 10-6)

Electromechanical time constanf, = 7*0xfa

K., = (0.5 *Kb* 7,,,,) / (R, * 500 * 10-6)

o K,(1+4 s7,)KpK;
STus(des) "~ Bst,(14 57)(1 4 5Tpmeen) (1 4 571)

(2.9)

From the above equation,
K, =6.25,7, = 2ms which giveds, = 6.25 andk; = 3125

The bode diagram of the compensated loop gain,.; / w;.s is as shown in figure 2.12.

Observation:

From the plot 2.12,
the bandwidth of the outer loop is 176 Hz which is 1/10th ofeénfoop. The above
condition is the ideal condition of obtaining the propontiaf outer loop bandwidth to

the inner loop bandwidth. The worst condition is that= 3 7. This is achieved by
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Bode Diagram
Gm =22.6d6 (at 864 Hz) | Pm =37.0 deg (at 165 Hz)
1= TorTTTTh T T TTTIT T

100

" 'Ga in cro ;over

o Frequencyi— 176 Hz

Magnitude (dB)
=)

B 1 S U A DD RO SO

BB

-130

Phase (deqg)

BOE |

B ] T O I O RO T A PP E P O A Ot IS [PETTT TOS T P St S [OPPTTUO SO TS SO ST S [PPTPTT PO S T ST IPEPPRR s,
w0*

Frequency (Hz)

Figure 2.12: Bode Diagram for Compensated Loop gain funaifmuter speed loop

following mathematical computations using symmetric wypation.

The step response plot of the, .. / w.; closed loop is as shown in figure 2.13.
Observation:

From the plot 2.13, the settling time for the speed to traekréference speed is around

10ms.

2.3 Simulation Results of BLDC machine in Closed loop

The BLDC machine model from MATLAB library with our machinep
rameters is selected and two loop control methodology idempnted with inner cur-
rent loop and outer speed loop. The three phase inverteiltsusing MOSFETs and
DC bus Capacitance is placed in parallel with power sourecgsePwidth modulation

technique is used to control the duty of the gate pulses tponeer switches thereby
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Step Response

—Step response of Closed Speed loop

Amplitude

Time (seconds)

Figure 2.13: Step response of outer speed loop

controlling the speed.
Reference speed for the machine is given in step of 104.72 eadi7; = 0.1 Nm at

time t = 1 s. Simulation results are plotted and presentealbel

Observation:

From the figure2.14a, Three phase back-EMFs are measuted’ywit 24 V and7; =
0.1 Nm. The signal conditioning circuit inside the machinedel gives smooth wave-
forms of the back-emf.

From the figure2.14b, Phase current will shoot-up at themisif providing the refer-
ence speed and then settled under steady state value of 0.96 A

From the figure2.14c, Electromagnetic Torque will increpsgportionally to phase
current and then settled under steady state value of 0.2 Noe # has to overcome
frictional torque.

From the figure2.14d, Actual speed follows the referencedpad got settled at t = 45
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Back EMF (V)

Phase Current (A)

(a) Three Phase Back EMF (b) Back EMF and Motor Phase current
Scale: x-axis- 5 ms/div , y-axis- 1 V/div Scale: x-axis- 20 ms/div , y-axis- 5
V/div

Torque Vs Speed st Reference Speed - : 1
eed-104.72 rad/s .L.104.72 rad/s settling time - 45 ms |

Actual Speed=105.4-
rad/s 1

(c) Rotor Speed Vs Electromag- (d) Reference Vs Actual Speed

netic Torque Scale: x-axis- 200 ms/div , y-axis-
Scale: x-axis- 20 rad/div , y-axis- 20 rad/div
200 mN/div

Figure 2.14: Sensored Operation of BLDC in Closed loop wijth= 12 V and7; = 0.1
Nm

ms.

When the machine is loaded with load torque = 0.26Nm at tim2g and the machine

response to the step increase in the load is plotted.

From the figure2.15a, the phase current will increase by atepne t = 2 s and got
settled at value 4.5 A.

From the figure2.15b,There will be slight dip in the speedatibstant of load torque
step increase and then speed will regulate towards theereferspeed.

From the figure2.15c, the torque will increase by step at tim@ s and got settled at

value of torque 0.36 Nm.

The above simulations are done with sensored control of BoiAChine.
Similar results are obtained with sensorless mode of oparathe study of simulation

provides deep insight of the operation of BLDC machine.
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T Reférerice speed -

—

Actual speed

(a) Phase Current of the motor whén (b) Reference Vs Actual Speed

=0.26Nmis applied att = 2s Scale: x-axis- 100 ms/div , y-axis- 1
Scale: x-axis- 50 ms/div , y-axis- 2 rad/div
V/div

=« Torque (Nm)

(c) Electromagnetic Torque developed
in the motor wherll; = 0.26Nm is ap-
plied att=2s

Scale: x-axis- 50 ms/div , y-axis- 50
mN/div

Figure 2.15: Sensored Operation of BLDC in Closed loop With= 12 V and7; =
0.26 Nm
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CHAPTER 3

Hardware Implementation

3.1 Introduction

The modern -day power electronics is evolved with variousiragredge
technologies and compactness of components. As packagmsiioms reduces, ther-
mal management becomes critically important. The effectvay of dissipating heat
is by forced convection (i-e)moving the air inside and acbtime heat source. This is
achieved with the help of fans, particularly BLDC motors dnese of their high power-
to-volume ratio. Operating the fan in full-speed leads tsyand this condition might
not needed always. This creates a demand for adjusting geslsy the fan according
to environmental conditions. The real challenge of desighdevelop the inverter and
controller circuit had been started. Our objective is tddai low cost inverter and
controller circuit for BLDC machine which can be used in faplication®’. Litera-
ture Survey had been carried out and found that implemedigital control of BLDC
machine is cheap and effective with respect to operatioe. BIEDC motor with input
voltage of 12 V DC is the most commonly used. We selected BL®nof rating 24
V, 80 W, 1500 RPM since our inverter can drive motor upto 120 W.

The digital controller for BLDC motor control is developed tarious manufacturers
such as Atmel, Allegro, Freescale semiconductors, Migpptachnologies,NXP Semi-
conductors, Renasas,Texas Instruments and Zilog etc.We dieosen PIC16LF1937
from Microchip Technologies since it has some unique festand high value to cost.

PIC16LF1937 has following features.
. 16KB of Flash Program Memory
. 1024 Bytes of Random Access Memory (RAM)

1
2
3. 10-bit resolution and 14-channel Analog to Digital Catees (ADC)
4

. Integrated Liquid Crystal Display (LCD) driver



5. Integrated Capacitive Sensing Module

6. Supports Serial-Parallel Interface(SPI), Inter-lIi@e@mmunication(12C), Enhanced
Universal Synchronous Asynchronous Receiver Transn{EB#gSART)

In this Chapter, we will briefly discuss about the design aexketbpment of controller

and inverter circuit for BLDC machine and verification of exipnental results.

3.2 Design of Controller Circuit

The Controller circuit for BLDC machine consists of microtwller as its heart and
Peripheral circuit required for powering the microcon&oln addition to General Pur-
pose Input/Output pins as shown in figure 3.1. Hall sensarassgfrom the motor or
Virtual hall sensor signals generated by back-emf sensirggfed into the microcon-
troller ADC port pins as inputs. The Current signal and theld€ voltage sense signal
are also fed int microcontroller as inputs. The gating mise generated and taken
out as outputs. The measured and estimated quantities ofableine such as reference
speed, actual speed and hall frequency are displayed u€it@ Ialphanumeric type

LCD. Also, the speed response can be seen using frequenoitage converter.

FtoV Opto- From Inverter

OAVEILET  \icrocontroller coyplers

LCD Interface * LED Indication Hall sensor

Figure 3.1: Hardware Board of Controller circuit
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3.2.1 Selection of Microcontroller and its Powering modes

Microcontroller determines the speed of operation of themdalgorithm,
number of parameters and manipulations can be handletdngtaequence for motor
and type of response when fault is detected.

Brief comparison of Microcontroller comparison from thmanufacturers such as At-

mel , Freescale, Microchip and Zilog as shown in table 3.1.

Table 3.1: Comparison of features of Microcontroller amdiffgrent manufacturers

Features Atmel Freescale Microchip zilog
ATtiny861 MC68HC908MR32 PIC16LF1937 | Z16FMC32AG20EG
Clock Frequency 20 MHz 32 MHz 32 MHz 20 MHz
Flash Memory 8 KB Available in 16KB Available in
16KB and 32KB 16KB and 32KB
Program Memory 16-bit 16-bit 14-bit 16-bit
Instruction
length
Data Memory 512 Bytes 768 Bytes 1024 Bytes 2KB
Instruction 8-bit 8-bit 8-bit 8-bit or 16-bit
length
Peripheral One 8/16-bit Six 16-bit One 16-bit Three 16-bit
Timer One 8/10-bit Timer Three 8-bit Timer
Counters Timer Timer
ADC 10-bit 10-bit 10-bit 10-bit
Channels 11 Channels 10 Channels 14 Channels 12 Channels
PWM 3 Channels 6 Channels 5 Channels 6 Channels
Channels with separate 12-bit Capture 12-bit
Comparators modules Comparators modules
General 16 pins 44 pins 36 pins 46 pins
Purpose 1/0
Communication Universal Serial 12C, SPI 12C, SPI
Interfaces serial with Parallel USART USART
start condition Interface Interface Interface
detector

From the above comparison, it is found that Microchip miomtcoller has good fea-
tures which can be used for motor control applications. ldemge decided to use
PIC16LF1937 for BLDC motor control. An external crystal distor (32.768 kHz) is

provided so that user can make use of it if internal oscitiagwe not working.

3.2.1.1 Powering Modes of Microcontroller
There are three modes of powering up the microcontréllers shown in
figure 3.2.

1. PicKit 3 In-Circuit Debugger (ICD)
2. PicKit In-Circuit Serial Programmer (ICSP)
3. 3.3V DC Power source
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External 3.3V
Power Sourct

137

PIC

16LF1937

PicKit 3 ICD

System

PC
PicKit ICSP —

Figure 3.2: Powering Options of Microcontroller

PicKit 3 ICD cum Programmer provides powering, programntimg microcontroller
and debugging the coded program in the board itself. PickiC3should be connected
to system or Personal Computer and there is a provision irsoiftevare where we
can have the option of powering the board from PicKit 3 ICD.IMB X Integrated
Development Environment (IDE) is the software where we dadihtbe program in C
or assembly, compile the program and build the program. T¥ehave to select the
target device for programming and debug the program in MP#Bch enables the
PicKit 3 ICD to operate in debugging mode.

3.2.1.2 Description about MPLAB X IDE software

MPLAB X IDE is a free software provided by Microchip along WiviPLAB
X Compilers. MPLAB X supports 8-bit, 16-bit microcontraieand dsPIC digital sig-
nal microcontrollers. MPLAB X simulator where we can sinteléhe entire hardware
circuit and watch the variable values in the watch windowu§,iMPLAB X IDE is a
very effective tool in terms of programming and debuggirgphogram. The MPLAB
X IDE supports different compilers such as Hi-tech C, MPASNIC C compiler and
XC8, XC16, C32 compilers. The set of procedure to be follo@dcreating new
project, editing the source file and building the progranmally, we have to debug the
program so that it programs the target device and entersgdely mode. The pro-
gram can also be dumped into flash memory and after that there iequirement of

programmer. The basic gate pulse is as shown in figure 3.3.
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1 2 100w/ 3 4 -4.000;  100.0% Auto

Figure 3.3: Basic Gate Pulse from microcontroller
Scale x-axis - 1Q:s/div y-axis - 1 V/div

3.3 Design of LCD interface

PIC16LF1937 microcontroller has integrated LCD driver ethsupports
seven segment display. The Timer 1 can be used to clock therh@dule and micro-
controller itself provides the power. The maximum rangehaf microcontroller is g
digit. Due to the non-availability of segmented LCD, we haveved to alphanumeric
LCD. 16*2 display is the most commonly used. The power for Ligdeklit and LCD

circuit is provided by external 5 V adaptor.

3.4 Implementation of Frequency to Voltage converter

If reference speed is changed at time instant, say t sednieadken by the
actual speed to track the reference speed is known as thensesspime of the system.
The hall signals which give information about the anguldoery of the rotor is given
to frequency to voltage converter and corresponding ousgartoportional to the input
frequency. Here We used KA331 which is a Voltage to Frequencyerter, also can
be configured as Frequency to Voltage converter. The fules@mge of frequency is
10 kHz. The supply given to IC is 5 V. The output consists of-joass filter whose
cut-off frequency should be such that the rise time of thedpesponse should not be

affected.
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3.5 Software Implementation

The clock frequency is 32 MHz and instruction frequency,is/ 4 (i-e) 8
MHz. The microcontroller has an excellent capability of diémy interrupts with auto-
matic context saving.
There are two routines by which program is executed. The moaitine where all the
variable declaration and LCD initialization codes are terit
The interrupt service routine consists of the gate pulseiggion logic and closed loop
control implementation code. The ISR will provide constaxgcution frequency and it
is set to 40 kHz.
The entire program is written in C program. The Registens\efs and other microcon-

troller peripherals are initialized with the syntax as pevide datasheet.

The basic block diagram depicts the sequence of initiatinaif software is as shown

in figure 3.4.

The inclusion of necessary header files to the program shmuldone first. For dis-
playing the characters in LCD, Analog to Digital conversi®utton input for mode
switching,

Also the configuration words should be initialized propgeat the begining. Master

clear reset, Watch-dog timer, Brown-out reset are set gpiately.

The algorithm for writing the main lodp is given as in figure 3.5.

The main routine consists of setting up of all Timers, Regsand Interrupts. Then,
the LCD routine is initialized and switching between digptaodes when button input
is sensed. The display of characters and values of the pteesage written in the LCD

routine.

The algorithm for writing the interrupt service routifiés given in figure 3.6.

The interrupt service routine is executed when capturetippuof the microcontroller
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Figure 3.4: Main Procedure for running experiment

senses the every rising edge of the signal and Timer overflohes speed is calculated
based on the consecutive rising edges and counter valuedetiwo edge sensing.
Also Timer 0 is used for running the control sequence and cotation sequence func-

tions at constant sampling time.

3.6 Design of Inverter Circuit

The BLDC machine is driven by three-phase inverter bridgeudi. The
topology of the inverter is 2-level Voltage Source inver@onventionally, all six power
switches used in the inverter bridge circuit are N-Chann€ISWETs. MOSFETs are
chosen for low power high frequency applications whereakifgh power and low fre-

guency applications, Insulated gate Bipolar Transist@87) are used.
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Figure 3.5: Algorithm for Main loop

The circuit diagram of two level Voltage Source Invertersssaown in figure 3.7.

The pole voltage at the midpoint of each leg of the invertkesaonly two values either
V4. Or zero.

‘/aN - Ua * Vdc (31)
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CCP2IF =0
Period = CCPR2
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TMRO = 0x37
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Period1l = CCPR2
Overflow = Count
calculate speed

T

Figure 3.6: Algorithm for Interrupt Service Routine loop

where,U, = 1 when switch S1 is ON and, = 0 when switch S4 is ON
Similarly, for V,x andV_ .y

The phase voltage of the machine is given by
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Figure 3.7: Typical 2-level Voltage Source Inverter

Van - VaN + VNn (32)

Similarly for V;,, andV,,

VNn _ (VaN + V;I;)N + ‘/CN) (33)

The phase voltage of the machine can be represented in t€ide lous voltage/,. as

shown below

Van = Sa * Ve (3.4)

where,Switching functioiy, =

similarly for V;,, andV,,

For low voltage applications whefé,s less than 200 V,Power Trench MOSFETSs are
used instead of conventional planar MOSFETs. Power TrenOISMETS have vertical
structure of inner layers and they are compact devices cardpa planar MOSFETSs.
With the implementation of CMOS technology, the gate thoéslvoltage has been
reduced to 2 V for 10-15 W5 applications.
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From figure 3.8, the gate threshold voltage characteristicd-Channel MOSFET
(DMN3007LSS) is measured and found it to be 1.9 V.

100w/ 2 3 100v 4 00s 10.00%/ Stop

©

ik
f C

\v)
\WIN|
O Viou

R RS CH S

wn

o =
N

i‘ (]
™

. /
|Gating Pulse from
microcontroller

Figure 3.8: Gate Turn-ON characteristics of N-channel MEBF
Scale x-axis -1Q: s/div yl-axis -1 V/div y2-axis -1 V/div

From figure 3.9, the gate threshold voltage characteristiesChannel MOSFET (IRF9317PbF)

is measured and found itto be 2.1 V.

100vt 2 200¢ 4 -20.002 1.0003/ Stop.

Drain ko Source
Vo tage

!

I

‘'Gating Pulse from
microcontroller

Figure 3.9: Gate Turn-ON characteristics of P-channel MEBF
Scale x-axis - 1 ms/div y-axis - 2 V/div y2-axis - 1 V/div

Conventionally, Six N-Channel MOSFETs are employed whiak high mobility rate
of charge carriers and lo 5 compared to P-Channel MOSFETs. The major draw-
back of N-Channel MOSFETSs is that they require isolated deters or pulse trans-
formers for high and low-side switches, which will make thecait complex. This
requires additional power supply and saturation effectsasfsformers. To overcome
the above issues, P-Channel MOSFETSs as high side switclese Vaw-side gate driver
can be used with simple level shifting.

The main disadvantage of P-Channel MOSFET is Higfy (on) and about three times
lesser mobility rate of charge carriers. For saRgs, the size of P-Channel MOS-
FET is bigger than N-Channel MOSFET. This means the cost#fe solution with
P-Channel MOSFETSs require optimization of devices towaedsicedR 5. For low

frequency applications, bootstrap loader or floating gatedcircuit is used.
The ratings and specifications of the MOSFETSs are attachagpendix.
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3.6.1 Design Consideration for transistor driver configurdion in

BLDC Inverter Circuit

From the circuit diagram shown in figure 3.10,

Vbe
Re
2N2222A

—

HS Gate b
Pulse

Rp
Rg

LS Gate Rc! e

Pulse—

|

P-Channel
MOSFET

N-Channel
MOSFET

Current sense resistor

Figure 3.10: Transistor Driver circuit for MOSFETSs

Applying KVL for Base-Emitter Loop

Ve — IpRp — Ve — IgRp =0

DC current gain of NPN transistor is given by

g =
B
I = pBIp
We know,
Ip=1Ic+Ip

wherelp << I
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So

Ig = pBlIp
(3.9)
By using the above equations
33— IgRp—0.7—pBIgRg = 0 (3.10)
26 = (Rg+f0Rg)lp
1. — 2.6
7 (Rp + BREg)
whereRp << SRg
2.6
Ip ~ — 3.11
° 7 BRs G40
2.6
Io ~ — 3.12
¢ m H (3.12)

(3.13)

The above transistor circuit configuration is known as EsniBias Configuration. It
has the following advantages.
1) It provides degeneration, negative feedback effect.

2) It assures the stability (i.e) Stabilizes the Q-Pointhaf transistor.

1 200v/ 2 200% 3 4 200.0¢ 20008/ (" Auto?

ulse tg transistor
rive bgse

MOSFET

Figure 3.11: Driver output with respect to gate pulse
Scale x-axis - 20 ms/div y-axis - 2 V/div
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Applying KVL for the collector Emitter Loop

Vee — IcRe — Veg —IgRgp = 0 (314)
Vee — IcRe —Veog — IcRg = 0

Vee =Ver = Ic(Re + Rg)
24 — Veog
(RC + RE)
24 — Veog
B(Rc + Rp)

Io =

Ip =

Consider the following assumptions

IoRe = 5V (3.15)
IpRp = 2.6V
IoRp < 2.6V

Voee —=Veg —Ic(Re+ Rg) = 0

Vee = Voo — Io(Re + Rg)

= 24— (5+2.6)
= 24—-17.6
Vep = 164V
(3.16)
This shows that the transistor is operating in active region
Be 5
Ry 26
(3.17)

The Typical value ofkRg = 1k$2.By reference to thé/- Vs I Characteristics of

2N2222A Data sheet and DC Load line characteristics, we agrr&at/» ~ 15mA.
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So,

I
Iy = FO
B 15mA
200
Ig = T5uA
5
= — 3.18
Fo 15mA (3.18)
= 0.333 x 10°
= 3330
(3.19)
So we can choosé} = 330f
Ip = Io+1g
= 15mA +0.075mA
Ip = 15.075mA
IrRr = 26 (3.20)
Ry = 17247
(3.21)

So we can choosByr = 18092 R’y = Rz = 1k To limit the current flowing into the
Gate-Source capacitan€g;s of low-side N-Channel MOSFET, resistancel6f? is

connected in series to the gate. B = 10012

3.6.2 Design of Current sense resistor

The sensing of motor current is required in order to derieedbntrol al-
gorithm for torque control while loading the machine. Minim of two phase current
measurement should be done by placing the current metegsi@s $o the motor termi-
nals. Otherwise, current sensing can be done between DCrpowece and inverter.

There are different modes of measuring the current flowsdarthchine.
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1. Current sense resistor (Shunt resistor)
2. Current transformers

3. Hall effect sensor

Current sense resistor provides the measurement of thentwat low cost with good
accuracy!. The Current sense resistor should be non-inductive andaiue is cho-
sen in such a way that under full load condition, the measuattk should be within
the range of ADC requirements.The Current sense resistbnigue is limited to the
measurement of current range of 20 A as power dissipatiorases, beyond that. The

effect of value of current sense resistor is analyzed anti@srsin table 3.2.

Table 3.2: Selection of Current sense resistor value

S.No Property Low Ryense | High Rgepse
1 Accuracy Low High
2 Voltage drop Low High
3 | EMIl and Noise Low High
4 Outputrange | Limited Full scale

Metal film resistors are normally preferred to wire wounds&ss, which have large
inductance values. Also, sense resistors can be formedtfem® resistance on a PCB.
However, their accuracy over a wide temperature range is. pdbe current sense
resistor can be placed in high side (i-e) Positive DC bus sidew side (i-e) Negative
DC bus side. Each has its own advantages and disadvantaghswas in table 3.3.

Here, Current sense resistor value = Q.1 The signal is isolated and amplified in

Table 3.3: Placement of Current sense Resistor

S.No Property Low side R,.,.. | High side R,
1 | Grounding and EMI| Impact on output  Not affected
2 Output type Single-ended Double-wired
3 Isolation Not required Must required
4 Implementation Easy Difficult

order to meet ADC requirement of microcontroller. The scagendiagram of signal

processing of sensed current signal is as shown in figure 3.12
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Figure 3.12: Schematic Diagram of Current sensing

3.6.3 Deign of DC bus Capacitance

The DC power source output is connected to the inverter whitehing
provides non-linear loading. Hence, Source is subjectdugio harmonic content and
it will affect the reactive power supplied by the source. didiéion to this, Source will
have internal impedance and it will affect the switchesmlyidourse of time. The value

of the capacitance is chosen by

I
__‘peak (3.22)

CapacitanceC' = AV % /.

We have chosen 4706, 50 V electrolytic capacitor.

3.6.4 Design of Back-EMF sensing circuit

The back-emf signals are attenuated suitably to meet ADGinement of
microcontroller by appropriately choosing potential dei resistor values and filters

are required to remove Pulse Width Modulation noises.

The circuit diagram for sensing the back-emf is as shown uré¢g.13.

—_R2 %
Vo= R1+R2 aN

similarly for V;, andV.

R2 =22 K2
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Phase A

Back EME A

R1 %
+ Ze_ro Cross A

1
R2 -
Phase LM339N Back EMF B
N ®
J_ J+\ % Zero Cross B
Phase LM339N Back EMF C
’—% N, *
T J+\I % Ze[o Cross C
LM339N

Figure 3.13: Schematic Diagram of Back EMF sensing

R1 =100 K2

For the Comparator, the back-emf signals are connected rieénverting input and
virtual neutral signal is connected to the inverting inpWhen back-emf signal is
higher than virtual neutral, the comparator output will bghhand vice-versa when
back-emf signal is lesser.

Here, LM339N, quad channel comparator, is used which capérated from 3 V to 36

V. The digital pulse generated from comparator output islaimo Hall sensor signals.

3.6.5 Design of Inverter Printed Circuit Board

The Inverter PCB is a double-layered having dimensions & m2n *
85 mm. The layout of PCB is designed in such a way that the gate gignals are
close proximity to the gate of MOSFETs and ensured the symym8tnce the use of
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practical components and tracks of appreciable lengthetleet of Electromagnetic
Interference is inevitable. This arises because of unwlaoteipling which may be
resistive, inductive or capacitive. A first order approazhetduce the effect is to follow
design guidelines of PCB strictly.

As a matter of protection, fuse of 5 A is added in series to tippky line. A Low Drop-
out voltage regulator is used to provide supply for the carajea ICs and Optocoupler
Pull-ups.

The hardware development of inverter board is as shown infigLi4.

To Potential Six MOSFETs and
uController piyider  transistor drivers
[]

Figure 3.14: Hardware Board of Inverter circuit

3.6.6 Selection of BLDC motor

The BLDC motor with trapezoidal back-emf is available in tinarket
from few watts to several kW ranges. The cost of the BLDC maeis high compared
to equivalent rating of induction and DC machines. This esrason due to usage of
permanent magnet materials such as ferrites and rare eagthats such as Neodymium
- Ferrite Boron (NdFeB).The name plate details of the BLDGanavhich we used is

as follows.

1. Motor Power rating : 80 W
2. Rated Speed : 1500 RPM
3. Rated \Woltage : 24V
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4. Number of Poles : 4

5. Rotor Inertia : 0.0005 kgm?

The complete set-up of the hardware is as shown in figure 3.15.

Figure 3.15: Complete Experimental set-up

The detailed specification and rating of the machine is h#dén Appendix A.

3.7 Model Validation and Experimental Results

The experiment is carried with 24 V, 80 W, 1500 RPM BLDC motan-
pled with mechanical belt-drum loading arrangement as shoviigure 3.16. The In-
verter board is powered from Agilent DC power source 60 V, 25 #e microcontroller
board is powered through PicKit 3 ICD which in turn connediedystem or PC. The
supply for the comparator IC and LCD is derived from 5 V adapithe waveforms
are measured using Agilent 4-Channel Oscilloscope hawangWwidth of 70 MHz. The

measurement probes used for the experiment are AgilenfpE3dive probe.
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Figure 3.16: Motor loading arrangement

3.7.1 Observations and Learning outcomes from Experiments

3.7.1.1 Condition: Sensorless open loop

Back EMF (V)

1 2 3 45009/ 50005 100.03/ Stop

" Time Es)

(a) Simulation - BLDC run with (b) Hardware - BLDC run with

mechanical input mechanical input
Scale: x-axis- 10 ms/div , y- Scale: x-axis- 100 ms/div, y-axis-
axis- 20 V/div 500 mV/div

Figure 3.17: Simulation and Hardware results comparisaviabr RPM

From the figure 3.17, BLDC motor is rotated using hand as nr@chbinput and found
the shape of the back-emf. Itis observed that trapezoid#t-benf is generated and had
120°flat portion. In the hardware waveform, there are ripjethe flat portion, which
is due to slot ripple. The required current excitation ton@or should be given such

that constant power is developed.The power developed éomgéchine when rotated at
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constant RPM is shown in figure 3.18b.

Phase Current (A

Power.(W)

i

(a) Phase current excitation to the (b) Power developed in the ma-

machine chine
Scale: x-axis- 10 ms/div , yl-axis- Scale: x-axis- 10 ms/div , y-axis-
2 V/div y2-axis - 1W/div 500 mA/div

Figure 3.18: Motor Excitation current and Back EMF \oltage

This requires detection of rotor position and it is achieusthg Hall sensors. The hall
sensors are mounted in the stationary particularly andigeovwith external power

source for its operation.

1600V 2 3 600%/ 4 B00V/ 0.0s 20.002/ Auto

= - —
PN i N PR L_H-N ey

ARSI NN

3 B I s il
ZEREEZ Tl | e

1 Phase Current (A) ‘

(a) Simulation - BLDC machine  (b) Hardware - BLDC machine with
with hall sensor based excitation hall sensor based excitation

Scale: x-axis- 5 ms/div, yl-axis- Scale: x-axis- 20 ms/div , yl-axis- 5
1 V/div,y2-axis - 0.5A/div V/div y2-axis - 0.5 A/div

Figure 3.19: Simulation and Hardware results comparisosqofire wave input gate
pulse

From the figure 3.19, depending upon the hall sensor outthesgate pulses to the
MOSFETSs are derived and each switch conducts for 120°ardseitch combination

conducts for 60°.

From the figure 3.20, it is observed that by changing PWM dytkd®epingVp- con-

stant, variable output voltage can be obtained and fed tanthehine. In hardware,
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Back EMF (V)
D‘ ﬂl m Nl 1 2008/ 2 200y 3 800%/ 4 5.00v/ 6.880s 1.000s/ Stop

\J

Speed (RPM

(a) Simulation - PWM mode with duty  (b) Hardware - PWM mode with duty
changed from 0.5to 1 attime instantt= changed from 0.5t0 1

0.2 Scale: x-axis- 1 s/div , yl-axis- 200
Scale: x-axis- 50 ms/div , yl-axis- 2 mV/div y2-axis - 2 V/div

V/div y2-axis - 200 rpm/div

Figure 3.20: Simulation and Hardware results comparisd®MdM duty to gate pulses

PWM is generated from microcontroller by setting suitatdéues in Timer 2 register

and PWM module.

3.7.1.2 Condition : Sensorless Mode of operation in closeddp with No load

From figure3.21a, the high side P-Channel MOSFETs are dhyesgyuare wave gate
pulses without chopping. The gate pulses are phase shift@80s.

From figure3.21b, the low-side N-Channel MOSFETSs are dribyechopped gate pulses.
The duty of the pulses are controlled by the output of Cortrapb.

From figure 3.21c, the phase current to the motor is measyrethinp type ammeter.

From the figure 3.22, the settling time of the speed is notdwdware and found that

around 1 s.

3.7.1.3 Condition : Sensorless mode of operation in closeodp with load

From the figure 3.23a, it is observed that the machine spegdiates to the reference
speed under loaded condition. When motor load is 2.5 A, tfexeece speed is 800

RPM, the actual speed regulates and tracks the referened.dp@m the figure 3.23b,
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(e) Back EMF measured with re-
spect to neutral of machine
Scale: x-axis- 10 ms/div , y-axis-
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Figure 3.21: Sensorless Operation of BLDC in Closed loop Wit =12 V

it is observed that load of 2.5 A is applied instantaneoustinze t sec, there is dip in

the speed and then it tracks the reference speed.

Depending upon the sampling time and Pl constants, the mespaf the control loop
varies. We have implemented only speed loop which is ther ¢ap. The Reference
speed is given by the Potentiometer whose value is convéntedgh ADC. The LCD

is used to indicate the reference speed, actual speed ahidgdalency. Thus, We have
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11008/ 2 3 4 1.00%/ 72405 1.000s/ Stop

=Reference Speed - 9
L 104.72 rad/s settling time-45ms |

Actual-Speed-105.4 -
rad/s

(a) Reference Vs Actual Speed (b) Hardware - Actual Speed with

Scale: x-axis- 200 ms/div , y-axis- 20 pseudo reference

rad/div Scale: x-axis- 1 s/div , y-axis- 100
mV/div

Figure 3.22: Simulation and Hardware results comparison

1 2 500v/ 3 5004/ 4 5004/ B0.00% 50.008/ Stop 18009/ 2 3 2008/ 4 5.960s 1.000s/ Stop

I P I | Al [
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(a) Motor Phase Current with load (b) Hardware - Actual Speed with
Scale: x-axis- 50 ms/div , yl-axis- load disturbance

5 V/div y2-axis - 5V/div y3-axis - Scale: x-axis- 1 s/div , yl-axis- 500
5A/div mV/div y2-axis - 2A/div

Figure 3.23: Simulation and Hardware results comparisdodaded condition

completed the experimental validation of the hardwaretHeuy Inner Current loop will
be closed and speed response will be plotted. Along withlsition, the verification of
hardware circuit and validation of results with simulatimake things understand very

clearly.
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CHAPTER 4

Summary and Future Scope

4.1 Summary

By carrying out this project, there are lot of learnings andd hands-on

experience of hardware.

1. Initially with the study of permanent magnet materialsl amachines made up

of permanent magnet materials, the importance of PM mashinmodern-day
applications has increased.

. Permanent Magnet Brushless DC machines are similar to B¢himes with-

out commutator and brush arrangement. The modeling of BLI2Chmme using

steady state condition and observe the performance of maahvarious modes
of operation in Simulink in MATLAB.

. The design of controller for achieving the speed regafeéind torque ripple re-
duction under sudden loading conditions. The selectionaoidividth for both

inner loop and outer loop depending upon the constraintiseofrtachine model-
ing has been studied.

. The development of circuit reveals the non-idealities®amted with ideal condi-
tions assumed for thoretical and simulation. The effeceaigerature, electro-
magnetic interference, inductive and capacitive couphhgeh is not considered
in theoretical and simulation will play a crucial role in &¥ing the output.

4.2 Future Scope

The future scope of this work includes the implementatiorioofr quadrant PMDC

drive with the same inverter and controller board.



The inverter circuit is slightly modified with line driver Kcand inclusion of delay card

in the controller make the entire circuit versatile to bedufe induction drives.

In the view of low-cost development, an application spedifls can be used which

consists of Hexfet MOSFET bridge along with driver and petitan circuits.
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APPENDIX A

Motor Specifications

TARUN TECHNOLOGies

SPECIFICATION
Frama [ iP ] Espec Na. spac
[ 0.08 = El [CONF ORMING SPEC T
Volis 24 m 2630 GENERALLY
current 4.43 He 10000 TESTING
Fh | 2 Jins €1 F Duty 51 |
STATOR | ROTOR ‘Parmenant magnsl
STAMPING MATERIAL ratealiay 03 Magarcideg) a0 Mag wi{ i) q.ar
STATOR SLOTS 24 \itsleava(mm) 0.1 cen forca kg
STAMPING WEIGHT fka) 14 (Airgap(mm 07
CORE LENGTH |Ed Nag OD{mm) [EE]
Stator out sda dia 90 magnat thick 2000
STATOR INSIDE DIA {mm) 45 Magnet I 3.40
| stod a0
STATOR WINDING
SWG na ol DIAMETER CU WT fhgs)
FITCH ok COND DIA 1 20 2 0814 0.40
WINDING CONCENTRIC __ [COND DIA 2 0 a 0 0.00
LT 0.34 COND DIA 3 [ [ & 3.00
Tid singla L ] 3.40
CONNECT STAR griph o caisiar noal layers noal cols | terminais
RIPHASE 0.15368 1 EET
L stat mhiph 0.16
siat fil 17 B8 INFUT losses Qulpul all kghi* GD.
VOLTAGE 24 a3 12.82 B0.00 0.56
0.0005
waight
copper 340
stator slamp 1.3
mag 0.37
Bch detats
3908.02 airgap den
22000.00 TDEN
80.00 OUT POWER
0.31 TORQnm
2630.00 SPEED
3000.00 o load speed
4.3 avg current
4.43| pesk cuur
0.31 TORQnm
0.88 aff
0.07 kinmia
0.08 kn voltradisec
0.8 nc{mh)
MAG OK i
0.00 req thick
20.00 act thick
current 0
0.08] rica tima ms
0.07 fall tima ms
368 steady ms
380 cycla time
380 tima/cycia
avaiabie

Figure A.1: Motor Specification



APPENDIX B
Circuit Block Diagram

Digital Controller for BLDC motor using PIC16LEF1937

BLDC Motor THO’—‘ __O +

s PICI6LF1937
A Microcontroller
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Figure B.1: Complete Circuit Block Diagram



APPENDIX C

Inverter Schematic
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Figure C.1: Inverter Schematic for BLDC Drive



APPENDIX D

Controller Schematic
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Figure D.1: Controller Schematic for BLDC Drive



APPENDIX E

Bill of Materials for Driver Circuit

S.No |ltem Symbol Specifications Part Number Quantity
1|Resistors R5,R6,R13,R16,R23,R25,R27,R28,R30 1k, 1/awW Discrete 9
2 |Resistors R1,R2,R3 330,1/4W Discrete 3
3|Resistors R22,R24,R26 100,1/4W Discrete 3
4 |Resistors R7,R9,R11 47k, 1/4W Discrete 3
5 |Resistors RE8,R10,R12 10k, 1/4W Discrete 3
6 |Resistor R4 6.8k 1/4W Discrete 1
7 |Resistors R18,R19,R20 220,1/4W Discrete 3
8 |Resistor R15 0.1,1W Discrete &
9|Resistor R14 180,1/4W Discrete al

10|Resistors R17,R31 100k, 1/4W Discrete 2
11|Resistor R29 3.3k, 1/aW Discrete 1
12 |Potentiometer R21 1k, 1/4W Discrete T:
13|Capacitor c7 1u,50V Discrete 1
14 |Capacitors C10,C11,C12 0.01uF, 50V Discrete 3
15 |Capacitors C4,C5,Co 0.22uF,50V Discrete 3
16 |Capacitors C1,C2,C3,C13,C14,C15 0.1uF,50V Discrete 6
17|Capacitors C8,C9 220uF,50V Discrete 2
18|Capacitor Cl6 4700uF, 50V Discrete 1
19|NPN Transistor Q4,Q5,06,Q10,011,Q12 40V, 600mA 2N2222A, TO-18 b
20|P-Channel MOSFET |Q1,02,03 30V, 16A IRF3317PhF 3
21|N-Channel MOSFET |Q7,Q8,Q9 30V,16A DMN3007LSS 3
22 |Voltage Regulator U1, 7805 +5V TO-220 1
23 |Comparator IC LM339N 14-pin DIP LM339N 1
24|0pamp IC uiq 8-pin DIP LM741 1
25|Zener diode D3 3.3V 3V3 1
26 [Fuse F1 250V, 5A 1

Figure E.1: BOM for Driver Circuit




APPENDIX F

Bill of Materials for Controller Circuit

S.No [Item Symbol Specifications |Part Number Quantity
1|Resistors R3,R4,R5,R6,R7,R8,R11 180, 1/4W Discrete F
2|Resistors R1,R2,R14,R15,R16 4.7k, 1/4W Discrete 5
3 |Resistors R13 100,1/4W Discrete 1
4 |Resistors R17,R18,R19,R20,R21,R22,R37 1k, 1/4W Discrete 6
5|Resistors R12,R33,R34 10k, 1/4W Discrete 3
6|Resistor R10 10M,1/4W Discrete 1
7|Resistors R23,R24,R25R26,R27,R28 150,1/4W Discrete 7
8|Resistor R30 100k, 1/4W Discrete 1
9|Resistor R32 6.8k, 1/aW Discrete 1

10|Resistors R31 15k, 1/4W Discrete 1
11|Resistor R35 68k, 1/4W Discrete 1
12 |Potentiometers R9,R29 10k, 1/4W Discrete 2
13 |Potentiometer R36 Sk, 1/4W Discrete 1
13|Capacitor Cé lu,50V Discrete 1
14 |Capacitors Cca 0.01uF, 50V Discrete 1
15|Capacitors C3,C4,C5,09 0.1uF 50V Discrete 4
16|Capacitors C1,C2 12pF, 50V Discrete 2
17|Capacitors Cl0to C21 1n,50V SMD 12
18 |Capacitor c7 470pF, 50V Discrete 1
19|Optocoupler u1ig DIP-38 TCET 2100 1
20|0ptocoupler u1s DIP - 16 TCET 4100 1
21|V-F Converter ule DIP-8 KA331 1
22(LED D1 to Db, D9 Discrete Red 7
23|Diode D7,D8 DO -41 1N4007 2
24| SPST Switch 51,52 2
25| PUSH DC Switch ug 1
26|Microcontroller u1 40-pin DIP PIC16LF1937 1
27 |Crystal X1 32.768kHz 1

Figure F.1: BOM for Controller Circuit




APPENDIX G

N Channel MOSFET

DMN3007LSS
L
Electrical Characteristics @t, =25°C unless ctherwise specified
Characteristic | Symbol [ Min | 1='yp | M™Max [ Unit | Test Condition

OFF CHARACTERISTICS (MNote §)
Drain-Source Breakdown Voltage BVpog 30 == = W Vs = OV, lp= 25004
Zero Gate Volage Dmain Cument loss — — 1 i Vog =30V, Ves =0V
Gate-Source Leakage lzse S = +100 nA  |Ves = #2200, Ve = OV
ON CHARACTERISTICS (Note 5)
Gate Threshold Voltage Vose| 13 = 21 W [Vos=Ves, lo = 250uA

. o % 5 T . Veg = 10V, Ip =154
Static Drain-Source On-Resistance Roson — ra iy mey V:z = ‘IJu s
Forward Transconductance Ois — 16.4 — 5 Vos =10V, Ip = 154
Dicde Forward Voltage (Note §) Vso — 0.67 12 W Vas =0V, 15 = 2.34
DYNAMIC CHARACTERISTICS
Input Capacitance Cina == 2714 == pF
Output Capaciance Cini = 436 = oF f"'ghl T}tf':z- Vos =0V
Reverse Transfer Capacitance Cras = 380 =3 pF )
Gate Resistance Ra _— 0.7 = 0 Vs =0V, Ves = 0V, f=1.0MHz
SWITCHING CHARACTERISTICS

312 Vs = 15V, Vas = 4.5V, p = 164

ol Sale Charee % — | ez — e [Vos =15V, ves =10V, 1p = 16
Gate-Source Charge Qs = 71 — Vos =15V, Vigs = 10V, lo = 164
Gate-Drain Charge Qqa = 17.1 = Voo = 15V, Vag = 10V, Ig = 16A
Turn-Cn Delay Time Lagern) == 10.3 ==
Rise Time & — 14.8 — ns  |Vos =15V, Ves = 10V,
Turn-Off Delay Time Lo = 85.1 = lg =14, Bg = 6.002
Fall Time 1 — 436 —

Malas: 5, Shaort duration putse test wsed 1o minimze seflhaating affect.

Figure G.1: Specifications of N-Channel MOSFET
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Static @ T, = 25°C (unless otherwise specified)

APPENDIX H

P Channel MOSFET

17PbF

Internaticnal
TaR Rectifier

Parameter Min. | Typ. | Max. | Units| Conditions
BV pss Drain-to-Seurce Breakdown Voltage A0 | — | — v [Vas =0V, o= -250u8
ARV peg/AT, Breakdown Voltage Temp. Coefficient — | 0.022| — | W°C |Referencetc 25°C, lg=-1mA
Rogien : . . — | 54 | 66 Vas =10V, Ip=-16A @
Static Drain-to-Source On-Resistance — &5 | 102 mi2 Vs = 4.5V oo 13A &
Vazis Gate Threshold Voltage — 1.3 1.8 | 2.4 V. Ve = Vee, o = -50pA
AV s Gate Threshold Voltage Coetficient —_— L£7 | — |m\V/G
loss Dirain-to-Source Leakage Cument — — | 1.0 uhk Vos = -24V, Ve =0V
— — | =150 Vps = -24V, Vge =0V, T; = 125°C
lgce Gate-to-Source Forward Leakage — —_— | =100 hik Vee =20V
Gate-to-Source Reverse Leakage — | — | 100 Ve = 20V
ofs Forward Transconductance k' —_—| — 5 |Vos=-10V, 5 =-13A
Q, Total Gate Ghamge ® — | 31 | — | nC |Voe=-15V, Ve =45V, Iy = - 13A
Q, Total Gate Charge @ —- 61 82 Vae =-10V
Qs Gate-to-Source Charge @ —- g — | nC [Vos=-15¥
Oy Gate-to-Drain Charge ® — 14 —— lg=-134
He Gate Resistance & — 14 — L)
ien Turn-On Delay Time — 19 — Voo = -15V, Ves = 4.5V @
1, Rise Time — &4 — ns Ig=-1.04
ok o) Turn-0ff Delay Time —_— 160 | — Rz = 6.80
T Fall Time — 120 | — See Figs. 20a &20b
Gz Input Capacitance — | 7RoD | — Weae =0V
Coas Cutput Capacitance — | 640 | — pF |Vpz=-15V
Crs Reverse Transfer Capacitance —_— | 370 | — f=1.0MHz
Avalanche Characteristics
Parameater Typ. M. Units
Epe Single Pulse Avalanche Energy @ —_— 330 med
lag Avalanche Current @ — 13 A
Diode Characteristics
Parameter Min. | Typ. | Max.| Units Conditions
le Continuous Scurce Current o - 25 MOSFET symbol
(Body Dicde) A showing the
s Pulsed Source Current | — | 430 integral reverse
{Body Dioda) @ p-n junction diode.
Vep Dicde Ferward Voltage — | — 1.2 ¥V |T =257, Ig=-25A Vas=0V @
Ta Reverse Recovery Time —_ 33 50 ns. Ty =257, If=-2.5/ Vgp = -24V
Q. Heverse Recovery Charge — | 30 45 nC |didt = 100A/us &
Thermal Resistance
Parameter Typ. Max. Units
Rax Junction-to-Crain Lead & —_ 20 O
R, Junction-to-Ambient & — 50

Figure H.1: Specifications of P-Channel MOSFET
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